The gains and noise figures of discrete second-order-pumped fiber Raman amplifiers utilizing copropagating and counterpropagating pump configurations were experimentally obtained, and the gain results were compared with computer simulations. It was found that the additional gain that is due to second-order Raman pumping is larger for the copropagating pumps than for the counterpropagating pumps, in agreement with simulations. In contrast to distributed second-order-pumped fiber Raman amplifiers, a slight increase in noise figure, by as much as ϳ1 dB was observed relative to the single-pump scheme. However, the advantages of second-order pumping in discrete amplifiers include greater f lexibility in design of the gain distribution along the fiber and the ability to spectrally distribute the pump powers to avoid undesired nonlinear effects.
Fiber Raman amplif iers (FRAs) are poised to play a major role in the next generation of optical telecommunication systems. Two classes of FRA, namely, the discrete and the distributed FRA, have been developed for use in optical telecommunications. 1 Both kinds typically utilize a counterpropagating Raman pump-signal configuration to reduce pump-to-signal noise transferal. In the discrete, or lumped, FRA the gain fiber is confined to a compact device and provides a net gain to compensate for loss in the transmission fiber. In contrast, the distributed FRA utilizes the transmission f iber as the gain medium such that a signal experiences gradually increased gain as it propagates along the fiber. Generally, because of the long gain f iber, the signal initially experiences loss and a decrease in signal-to-noise ratio. Raman gain later in the fiber increases the signal power, resulting in transparent transmission, but is unable to recover the initial signal-to-noise ratio because of the amplif ied noise.
Recently a technique to obtain lower noise figures (NFs) in distributed FRAs was presented 2, 3 that employs an additional shorter-wavelength pump to Raman amplify the original first-order Raman pump. Both copropagating 2 and counterpropagating 3 first-and second-order pump conf igurations have been demonstrated. As a result of the increased signal gain, the initial loss is reduced and a high signal-to-noise ratio maintained. Few or no studies have been made of the effect of second-order Raman pumping in discrete FRAs. In this case a reduced NF is not expected, as in discrete FRAs amplif ied spontaneous emission dominates the NF, and gain always exceeds loss along the short fiber length. However, in second-order-pumped FRAs higher gains and f lexibility in system design are likely to be obtained. This technique for achieving increased gains in the same fiber length could be of interest in the development of short-length FRAs. Such amplif iers are currently attracting attention, 4 although the practicality of such devices in optical communication systems remains to be seen.
Here we present and compare experimental gain and NF results of second-order pumped discrete FRAs that employ copropagating and counterpropagating pump schemes and operate in the U band (1625-1675 nm). The experimental gain results agree well with a computer simulation that determines signal and pump evolution along a gain fiber.
Figures 1(a) and 1(b) show the counterpropagating and copropagating pump configurations, respectively, used in the study. A 9-km dispersion-shifted fiber (DSF) was used as the amplif ier gain medium. The first-order Raman pump was based on amplified spontaneous emission from a 23-dBm erbium-doped fiber amplif ier (EDFA) that was f iltered by a 4.8-nm tunable bandpass filter (TBPF) and subsequently amplified in a 33.5-dBm EDFA. The second-order Raman pump consisted of a cw 1455-nm fiber Raman laser. A cw tunable Raman ring laser that operated at 1632-1670 nm served as the signal probe. An in-DSF circulator signal power of ϳ 2 27 dBm was used for small-signal gain and NF measurements.
For the counterpropagating pumps case, as shown in Fig. 1(a) , the signal probe and the second-order pump were combined by a wavelength-division multiplexing (WDM) coupler and launched into the gain f iber via an optical circulator (OC1). The second-order pump had a post-OC1 power of 28.1 dBm. The signal and the second-order pump were extracted from the DSF by means of another optical circulator (OC2) and separated by a step filter that transmitted wavelengths longer than ϳ1520 nm. OC2 was also used to launch the counterdirectional f irst-order pump into the DSF. A f irst-order pump wavelength of 1542.8 nm was used to produce the highest post-OC2 pump power of 32.4 dBm.
For the copropagating pump scheme, shown in Fig. 1(b) , the f irst-and second-order pumps were combined by a different wavelength-division multiplexing coupler and launched into the DSF via OC2. The first-order pump was tuned to a wavelength of 1535.7 nm to match the transmission peak of the coupler and had a post-OC2 power of 30.8 dBm. The second-order pump had a post-OC2 power of 29.1 dBm. OC1 and OC2, respectively, were also used to launch and to extract the signal probe from the DSF. Net gain and NF measurements were performed in an optical spectrum analyzer by comparison of the signal input and output, as shown in Fig. 1 .
Figures 2(a) and 2(b) show net gains and NFs for the discrete FRA, with and without second-order Raman pumping, for the counterpropagating and copropagating pumps cases, respectively. In the case of Fig. 2(a) , without second-order Raman pumping a peak net gain of 28.5 dB was obtained at 1658 nm and a NF of ϳ7 dB was measured across the gain spectrum. The introduction of the second-order pump, counterpropagating relative to the first-order pump, increased the maximum gain to 29.8 dB. The resultant NF was larger than in the case without second-order Raman pumping. The increase in NF had a peak value of ϳ1.4 dB at 1651 nm and gradually decreased to longer and shorter wavelengths with marginal values of ϳ0.2 dB at both 1632.4 and 1670.7 nm. This feature can be attributed to noise transferal from the second-order pump to the signal. The second-order pump was measured to have a noise standard deviation that was ϳ17% of the average power and is believed to introduce spectral noise to the signal by cross-phase modulation that is optimally group-velocity matched at 1651 nm.
In the case of Fig. 2(b) , without second-order Raman pumping a peak net gain of 17.7 dB was obtained at 1648 nm and a NF of ϳ6 dB was measured across the gain spectrum. Copropagating the second-order pump with the first-order pump produced a much larger gain increase than in the counterpropagating pumps case, resulting in a net gain of 31.5 dB. Second-order pumping increased the NF by ϳ1 dB. An abnormal increase in NF of 3.8 dB was observed at 1664 nm. The NF increase is believed to be due to two four-wave mixing interactions between the copropagating pumps that generate a background around the signal wavelength. One of these processes is phase matched at 1664 nm, giving rise to the 3.8-dB NF increase. Note that the NF abnormalities in both pump conf igurations can be avoided through the choice of gain fiber dispersion.
It should be mentioned that the two FRA experimental configurations resulted in different in-DSF pump powers. The f irst-order pump had a 1.6-dB lower post-OC2 power in the copropagating pumps case, which resulted in a lower net gain without secondorder pumping. Also, although the post-OC1 signal powers were the same in both cases, the use of the step filter in the counterpropagating pumps case resulted in an additional loss of 0.6 dB that partially accounts for the higher NF observed.
To gain a better understanding of the second-order Raman pumping process and to compare the two pumping schemes under identical pump and signal conditions we developed a computer simulation of the evolution of the signal and Raman pumps in the gain fiber, using the experimental parameters. The simulation modeled fiber loss, second-to-f irst-order pump Raman gain, and f irst-order pump-to-signal Raman gain. Other terms and nonlinear effects were not included.
The parameters used in the simulation were measured and are listed in Table 1 for both pump configurations. In each case the signal wavelength was taken to be at the peak of the Raman gain. The simulation results for the counterpropagating and copropagating pumps are shown in Figs. 3(a) and  3(b) , respectively. For both f igures the origin of the distance axis was taken to be at the DSF signal input, and losses from inserting and extracting the signal into and out of the DSF are not displayed. d Fiber attenuation coefficient for the first-order pump ͑p1͒, the second-order pump ͑p2͒, and the signal ͑s͒. Fig. 3 . Simulated power evolution along the DSF for the (top) signal and (bottom) pump in (a) the counterpropagating and (b) the copropagating pump schemes.
As can be seen, without second-order pumping the first-order pump is simply attenuated along the fiber. Figure 3 (a) shows that in the counterpropagating pump scheme the second-order pump augments the first-order pump power near the signal input. However, in this case the first-order pump power never exceeds its original value, and the overall result is a slight increase in the signal output power. In the copropagating pump scheme, Fig. 3(b) , second-order pumping leads to an increased first-order pump power that reaches a peak that is ϳ35% higher than its initial value near the signal output. As a result of the higher f irst-order pump power and the exponential relationship between pump power and gain, the output signal power is significantly increased. For comparison, the simulated signal gain values are overlaid onto Figs. 2(a) and 2(b) as net gains, after DSF insertion and extraction losses have been taken into account. For the counterpropagating and the copropagating pumps, these losses were measured to be ϳ4.2 and ϳ2.4 dB, respectively. The simulated gain values agreed with experimentally determined values to within 1.1 dB. Discrepancies are believed to be due to uncertainties in the experimental parameters but are not believed to hinder the trends observed.
When it was used to compare the copropagating and counterpropagating pump schemes with identical pump and signal powers, losses, and gain coefficients, the simulation confirmed that the copropagating pump configuration produces higher gain increases. For example, using the experimentally measured parameters for the case shown in Fig. 2(b) , a counterpropagating pump configuration was predicted to yield an additional gain of 2.9 dB as a result of second-order pumping. This value is signif icantly lower than the 13.8-dB additional gain from the copropagating pumps scheme modeled in Fig. 3(b) .
A comparison has been made between the use of copropagating and counterpropagating first-and second-order Raman pumps in a U -band discrete fiber Raman amplif ier. In good agreement with a computer simulation, it was shown that higher additional gains are obtained in the copropagating pump conf iguration. The NFs were observed to increase only slightly in both cases. This technique allows increased gains to be obtained while low pump power spectral densities are maintained to prevent the occurrence of undesired nonlinear effects.
